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Most studies on TAFIIs have involved in vitro tran-Howard Hughes Medical Institute
scription systems and higher eukaryotic (DrosophilaProgram in Molecular Medicine
melanogaster or human) TFIID and derivatives (reviewedUniversity of Massachusetts Medical Center
in Burley and Roeder, 1996). We and others have identi-Worcester, Massachusetts 01605
fied a Saccharomyces cerevisiae TAFII complex (yTAFII
complex) that shares functional and structural similari-
ties with higher eukaryotic TFIID (Reese et al., 1994;Summary
Poon et al., 1995; Moqtaderi et al., 1996a). In particular,
most yTAFIIs have a readily identifiable higher eukaryoticTFIID comprises the TATA box±binding protein and a
homolog.set of highly conserved associated factors (TAFIIs).
The discovery of yTAFIIs provided the opportunity toyTAFII145, the core subunit of the yeast TAFII complex,
use genetic strategies and in vivo approaches to studyis dispensable for transcription of most yeast genes
TAFII function. Using these reagents, recent studies havebut specifically required for progression through G1/S.
shown that in contrast to the results of in vitro transcrip-Here we show that transcription of G1 and certain
tion experiments, a variety of yeast genes was tran-B-type cyclin genes is dependent upon yTAFII145. At scribed normally in vivo in the absence of functionalhigh cell density or following nutrient deprivation,
yTAFIIs (Apone et al., 1996; Moqtaderi et al., 1996b;yeast cells cease division, enter a G0-like state, and Walker et al., 1996).terminate transcription of most genes. In this station-
Although inactivation of yTAFIIs did not affect tran-ary phase, we find that the levels of yTAFII145, several scription of many genes, most yTAFIIs are required forother yTAFIIs, and TBP are drastically reduced. Collec- viability, and inactivation of some yTAFIIs results in dis-tively, our results indicate that yTAFII145 and other tinct cell cycle phenotypes (Apone et al., 1996; Walker
TFIID components have a specialized role in transcrip- et al., 1996). In particular, inactivation of yTAFII145 (also
tional regulation of cell cycle progression and growth called yTAFII130; Poon et al., 1995) leads to a G1 arrest
control. (Walker et al., 1996), analogous to the results with its
mammalian homolog, TAFII250 (Talavera and Basilico,
Introduction 1977).
The yeast cell division cycle involves the temporally
Transcription of eukaryotic structural genes is regulated regulated transcription of specific genes whose prod-
by promoter-specific activator proteins (activators), ucts mediate cell cycle progression (reviewed in Koch
which bind to specific promoter elements. Activators and Nasmyth, 1994). The characteristic cell cycle pheno-
work through an elaborate set of general (or basic) tran- type following yTAFII145 inactivation prompted us to
scription factors (GTFs) that are necessary and can be examine its role in transcription of genes involved in
sufficient for accurate transcription initiation (reviewed G1/S progression.G1 cyclins (Cln1, Cln2, Pcl1, and Pcl2)
in Tjian and Maniatis, 1994; Zawel and Reinberg, 1995; and severalB-type cyclins (Clb5 and Clb6)are regulatory
Orphanides et al., 1996; Roeder, 1996). These GTFs in- subunits of the cell cycle kinase Cdc28 (reviewed in
clude RNA polymerase II itself and a variety of auxiliary Reed, 1992; Nasmyth, 1993). Genes encoding G1 cyclins
and Clb5/6 are transcriptionally regulated in a cell cycle±components that include TFIIA, TFIIB, TFIID, TFIIE,
dependent manner by a set of related transcription fac-TFIIF, and TFIIH. In vitro, GTFs can support a low level
tors (reviewed in Breeden, 1996).of transcription and function by assembling on the pro-
Here we show that yTAFII145 is indeed required formoter to form a preinitiation complex (Orphanides et al.,
transcription of G1 cyclins and CLB5/6, explaining, at1996).
least in part, the cell cycle phenotype resulting fromBiochemical (Pugh and Tjian, 1990; Kim et al., 1994)
yTAFII145 inactivation. Moreover, yTAFII145 geneticallyand genetic (Berger et al., 1992) studies have led to
interacts with the cyclin-dependent kinase CDC28 con-the identification of a third group of factors, termed
sistent with the two proteins functioning in a commonªcoactivators,º operationally defined as components re-
cell cycle±regulatory pathway. Unexpectedly, we alsoquired for activator-directed (ªactivatedº) transcription
find that the intracellular levels of yTAFII145 and otherbut dispensable for an activator-independent (ªbasalº)
TFIID components are regulated by the cellular growthtranscription reaction. To date, the best characterized
state. Our results illuminate a central role for TAFIIs incoactivators are components of the GTF TFIID, a multi-
transcriptional regulation of the cell cycle and growthsubunit complex comprising the TATA box±binding pro-
control.tein (TBP) and at least eight associated factors (TAFIIs)
(reviewed in Goodrich and Tjian, 1994; Burley and
ResultsRoeder, 1996). In vitro, TBP can substitute for TFIID in
basal transcription, but in general, TBP alone cannot
yTAFII145 and Other yTAFIIs Are Dispensablesupport activated transcription (Ptashne and Gann,
for Global RNA Polymerase
II±Directed Transcription
Recent studies have shown that following inactivation*Present address: Schering-Plough Research Institute, 2015 Gallop-
ing Hill Road 4700, Kenilworth, New Jersey 07033. of yTAFII145, a variety of yeast genes driven by diverse
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specific for G1 cyclins. The results indicate that temper-
ature-dependent inactivation of yTAFII145 dramatically
decreased transcription of the G1 cyclin genes CLN1,
CLN2, PCL1, and PCL2. Figure 2A also shows that tran-
scription of the CLN3 gene, whose transcription is not
cell cycle±regulated (Nasmyth, 1993), was unaffected
by yTAFII145 inactivation. Figures 2C and 2D show that
transcription of the B-type cyclin genes CLB5 and CLB6,
whose products mediate S phase progression (Nas-
myth, 1993), also required functional yTAFII145. Based
upon these data and previous results, we conclude that
yTAFII145 is required for transcription of G1 cyclins and
CLB5/6 and that this requirement is relatively specific.
The G1 Cyclin and Clb5/6 Transcriptional
Decrease Is a Primary Effect
of yTAFII145 Inactivation
Transcription of the genes encoding G1 cyclins and
Clb5/6 is cell cycle±regulated, commencing in mid-to-Figure 1. Dispensability of yTAFIIs for Global RNA Polymerase II±
late G1 (Nasmyth, 1993; Breeden, 1996). Because cellsDirected Transcription
lacking functional yTAFII145 arrest in G1 (Walker et al.,(Upper) Total RNA was prepared from the strains indicated to the
1996), it remained possible that the loss of G1 cyclinleft of the autoradiogram and analyzed by dot blotting with a
32P-oligo(dT)20 probe. and CLB5/6 transcription was an indirect effect of the
(Lower) Schematic representation of the experimental design. cell cycle block. For example, arrest by any mechanism
prior to the point at which G1 cyclin and CLB5/6 tran-
scription begins would explain the data of Figure 2.
activators were transcribed normally (Apone et al., 1996; We carried out several experiments to address this
Moqtaderi et al., 1996b; Walker et al., 1996). To confirm possibility. First, we examined the early kinetics of cyclin
and extend this result, we analyzed the population of gene transcription and found that the loss of transcrip-
actively transcribed genes by hybridization with a 32P- tional activity was extremely rapid; for example, Figure
labeled oligo(dT) probe to detect total poly(A)1 mRNA. 2B shows that transcription of G1 cyclin genes was
Because the half-lives of most yeast mRNAs are rela- significantly decreased within 30 min following incuba-
tively short (,15 min) (Chia and McLaughlin, 1979; Her- tion at the nonpermissive temperature, and Figure 2D
rick et al., 1990), this assay is a measure of transcription shows analogous results with CLB5/6. This rapid tran-
initiation. scriptional loss is most consistent with a primary defect.
Figure 1 shows the analysis of global RNA polymerase Second, and more importantly, several experimental
II±directed transcription in yeast strains harboring a tem- strategies were used to synchronize cells at a position
perature-sensitive mutant in a GTF or a yTAFII. As ex- where G1 cyclins and CLB5/6 were actively transcribed,
pected, inactivation of several GTFs, including RNA and under these conditions the effects of yTAFII145 inac-
polymerase II itself, TBP, or SRB4, resulted in a rapid tivation were analyzed. In the first strategy, the drug
and dramatic loss of transcription. In contrast, and con- rapamycin, a specific inhibitor of Tor kinase, was used
sistent with previous studies (Apone et al., 1996; Moq- to block cells in G1 (Heitman et al., 1991; Hung et al.,
taderi et al., 1996b; Walker et al., 1996), there was no 1996). FACS analysis showed, as expected, that rapa-
significant difference in the synthesis of total poly(A)1 mycin treatment resulted in a G1 arrest, as evidenced
RNA following temperature-sensitive inactivation of by the uniform population of cells with a 1 N DNA content
yTAFII145, TSM1, or yTAFII90. We conclude that multiple (Figure 3A) as well as an accumulation of unbudded
yTAFIIs are dispensable for transcription of the vast ma- cells (data not shown). CLN1, PCL1, and CLB5 were
jority of yeast mRNA-encoding genes. actively transcribed in these rapamycin-arrested cells
(Figure 3B, lanes 2 and 6). To examine the effect of
yTAFII145 inactivation, wild-type or mutant cells wereInactivation of yTAFII145 Abolishes Transcription
of G1 Cyclin and CLB5/6 Genes treated with rapamycin, shifted to the nonpermissive
temperature, and cyclin gene transcription measured.Although the data of Figure 1 indicate that yTAFII145
is not required for transcription of most yeast genes, The results indicate that transcription of G1 cyclins and
CLB5/6 was severely diminished in the yTAFII145 tem-strains bearing temperature-sensitive yTAFII145 muta-
tions rapidly arrest in G1 following incubation at the perature-sensitive mutant but not in wild-type cells (Fig-
ure 3B; compare lanes 3 and 4 to lanes 7 and 8). Thus,nonpermissive temperature (Walker et al., 1996). We
therefore tested whether yTAFII145 might be specifically when cellsare maintained at a cell cycle position permis-
sive for transcription of Gl cyclin and CLB5/6 genes,required for genes involved in cell cycle progression. In
Figures 2A and 2B, yeast strains harboring yTAFII145 inactivation of yTAFII145 still resulted in a transcriptional
loss.mutations were shifted to the nonpermissive tempera-
ture (378C), RNA isolated at various times, and tran- In the second experimental strategy, cells were syn-
chronized in G1 with the a factor mating pheromone.scription measured by Northern blotting using probes
yTAFII145 and Cell Cycle Regulation
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Figure 2. yTAFII145 Is Required for Tran-
scription of G1 Cyclin Genes and CLB5 and
CLB6
Wild-type and yTAFII145ts strains were grown
to early exponential phase at room tempera-
ture, shifted to the nonpermissive tempera-
ture (378C), and samples were removed for
RNA analysis at the indicated times. In this
and subsequent experiments, CLN3 also
serves as a loading and transfer control.
(A) Northern blot, long time course of G1
cyclins. RNA prepared from wild-type and
yTAFII145ts strains was analyzed for transcrip-
tion of the cyclin genes indicated to the left
of the autoradiogram.
(B) Northern blot, short time course of G1
cyclins.
(C) Northern blot, long time course of CLB5
and CLB6. RNA prepared from wild-type and
yTAFII145ts strains was analyzed for transcrip-
tion of the cyclin genes indicated to the left
of the autoradiogram.
(D) Northern blot, short time course of CLB5
and CLB6.
Wild-type and yTAFII145 mutant cells were grown at 8). Removal of a factor from wild-type cells resulted in
rapid commencement of cyclin gene transcription (Fig-room temperature and then exposed to a factor for 4
hr, at which time .90% of cells were arrested (data not ure 3C, lanes 3±6) and reentry into the cell cycle (data not
shown). In contrast, the yTAFII145 temperature-sensitiveshown). The cells were then shifted to the nonpermissive
temperature followed by removal of a factor to release mutant strain failed to either reinduce cyclin gene tran-
scription (Figure 3C, lanes 9±12) or progress throughthe cell cycle block. Consistent with previous results
(see, for example, Amon et al., 1993), Figure 3C shows the cell cycle (data not shown).
To ask whether yTAFII145 and a factor might affectthat a factor±arrested wild-type and mutant cells do not
transcribe either G1 cyclin or CLB5/6 genes (lanes 2 and transcription by a related mechanism(s), we analyzed
Figure 3. The G1 Cyclin and Clb5/6 Tran-
scriptional Decrease Is a Primary Effect of
yTAFII145 Inactivation
(A) Rapamycin arrest experiment: experimen-
tal scheme (upper) and FACS analysis (lower).
Untreated samples are early exponential,
asynchronous cells. Treated cells have been
exposed to rapamycin (0.1 mg/ml final con-
centration) for 5 hr. Peaks corresponding to
cells with a 1 N or 2 N DNA content are indi-
cated below the histograms (x-axis, DNA
content; y-axis, cell number).
(B) Rapamycin arrest experiment: Northern
blot. Northern blot of RNA prepared from un-
treated (AS, asynchronous) and rapamycin-
treated wild-type and yTAFII145ts strains ana-
lyzed for transcription of the cyclin genes
indicated to the leftof the autoradiogram. Fol-
lowing removal of the zero time point (0) from
the rapamycin-treated cultures, cells were
shifted to the nonpermissive temperature.
(C) a factor arrest experiment. (Upper) North-
ern blot. RNA prepared from untreated (AS,
asynchronous) and a factor±treated wild-
type and yTAFII145ts strains was analyzed for
transcription of the cyclin genes indicated to
the left of the autoradiogram. The experimen-
tal scheme is indicated below the autora-
diogram.
(D) Northern blot analysis of FUS3 tran-
scription.
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Figure 4. Specificity of the Requirement for yTAFII145
Total RNA was prepared from strains LY184, LY185, and YWS101
bearing TAFII90, tafII90-2, and tsm1 temperature-sensitive alleles,
Figure 5. Cyclin Promoters Confer yTAFII145 Dependencerespectively, and analyzed by Northern blotting for transcription of
CLN1, PCL1, and CLN3. Northern blot probed for lacZ RNA produced in wild-type or
yTAFII145ts cells harboring the indicated CLN2, CLB5, or ADH1 re-
porter plasmids following shift to the nonpermissive temperature.
the FUS3 gene, which is transcriptionally upregulated
by a factor (Elion et al., 1990). As shown in Figure 3D, in Figure 5. The CLN2 or CLB5 promoter was inserted
FUS3 was transcribed normally in the presence or ab- upstream of a lacZ reporter and the fusion genes intro-
sence of functional yTAFII145. Furthermore, a factor in- duced into a wild-type or yTAFII145 temperature-sensi-
creased FUS3 transcription similarly in the presence or tive mutant strain. As a control, the ADH1 promoter,
absence of functional yTAFII145. These results indicate which does not require yTAFII145 (Walker et al., 1996),
that the a factor transcriptional response is not depen- was fused to lacZ and analyzed in parallel. The results of
dent upon yTAFII145. Figure 5 show that, like the endogenous CLN2 and CLB5
Collectively, the results of Figure 3 demonstrate that genes, transcription of the plasmid-borne CLN2-lacZ
the loss of G1 cyclin and CLB5/6 transcription following and CLB5-lacZ fusion genes was yTAFII145-dependent.
yTAFII145 inactivation is a primary defect and not a con- In contrast, transcription of the ADH1 promoter-lacZ
sequence of the cell cycle arrest. fusion gene was unaffected by yTAFII145 inactivation.
Specificity of the yTAFII145 Requirement Genetic Interaction between yTAFII145 and CDC28
We next asked whether the dependence upon yTAFII145 Progression through G1/S is dependent upon thecyclin-
for transcription of cyclin genes was specific for this dependent kinase activity of Cdc28 (reviewed in Nas-
particular subunit or reflected a more general require- myth, 1993). For example, certain conditional cdc28 mu-
ment for yTAFIIs. Transcription of the G1 cyclin genes tants, such as cdc28-4, cause specific G1/S arrest under
CLN1 and PCL1 was analyzed in yeast strains harboring nonpermissive conditions (Surana et al., 1991). The ob-
temperature-sensitive mutants of two other subunits of servations that transcription of G1/S cyclin genes re-
the yTAFII complex: yTAFII90 and TSM1. Inactivation of quires functional yTAFII145 (Figure 2) and that cdc28-4
yTAFII90 and TSM1 results in a G2/M arrest (Apone et (Surana et al., 1991) and yTAFII145 temperature-sensi-
al., 1996; Walker et al., 1996), a cell cycle phase in which tive mutants (Walker et al., 1996) both arrest in G1 sug-
G1 cyclin genes are transcriptionally inactive. To circum- gested that yTAFII145 and Cdc28 act in a common cell
vent this problem, cells were first synchronized with a cycle±regulatory pathway. To test this prediction, we
factor and then shifted to the nonpermissive tempera- asked whether yTAFII145 and Cdc28 genetically interact
ture, followed by removal of a factor to release the cell using a synthetic lethal assay.
cycle block. As shown in Figure 4, transcription of CLN1 In Figure 6, we analyzed growth of strains contain-
and PCL1 was unaffected 0.5 and 1 hr following incuba- ing the temperature-sensitive mutant tafII145-2 alone,
tion at the nonpermissive temperature, times at which cdc28-4 alone, or both tafII145-2 and cdc28-4. The strain
transcription was severely compromised or abolished harboring both tafII145-2 and cdc28-4 also contained
following inactivation of yTAFII145 (see Figure 2). At 2 wild-type TAFII145 on a URA3plasmid (pTAFII145), which
hr following the temperature shift, transcription began could be eliminated by growth on 5-FOA-containing me-
to decrease, because, first, the cells arrested in G2/M dium. As expected, cells containing either cdc28-4 or
and, second, other yTAFII subunits, in particular yTAFII145, tafII145-2 alone grew normally at the permissive temper-
become degraded following inactivation of a single ature (288C) but failed to grow at the nonpermissive
yTAFII (Walker et al., 1996). We conclude that CLN1 and temperature (378C). Cells containing cdc28-4, tafII145-2,
PCL1 transcription requires yTAFII145 but not yTAFIIs in and wild-type TAFII145 grew on synthetic complete
general. medium (Figure 6, SC). However, in the absence of
wild-type TAFII145, cells harboring both cdc28-4 and
tafII145-2 failed to grow at 288C (Figure 6, 5FOA). ThisCyclin Promoters Confer
yTAFII145-Dependent Transcription synthetic lethal interaction indicates that yTAFII145 and
Cdc28 act in a common cellular pathway. The combinedIn the above experiments, transcription was measured
on endogenous G1 cyclin and CLB5/6 genes. To deter- genetic and transcription data argue that yTAFII145 me-
diates G1/S progression, at least in part, by facilitatingmine whether it was the promoters of these genes that
are necessary and sufficient to confer yTAFII145-depen- transcription of G1/S cyclin genes whose products in
turn activate Cdc28.dent transcription, we carried out the experiment shown
yTAFII145 and Cell Cycle Regulation
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Figure 6. Genetic Interaction between
yTAFII145 and Cdc28
Growth of the indicated yeast strains after 3
days at the permissive (288C) or nonpermis-
sive (378C) temperature on synthetic com-
plete (SC) or 5-FOA-containing (5FOA) me-
dium is shown.
Depletion of TFIID Components in Stationary yTAFIIs (Apone et al., 1996; Moqtaderi, et al., 1996b;
Walker et al., 1996).This conclusion was based upontwoPhase Cells
At high cell density, yeast enter a reversible, nonprolifer- independent strategies to inactivate yTAFIIs functionally:
temperature-sensitive mutations and conditional deple-ating stationary phase characterized by unbudded cells
and unreplicated nuclear DNA (reviewed in Werner- tion. Here we have confirmed and extended this result
by analyzing the global mRNA population. Although in-Washburn et al., 1993). In this stationary phase, cells
have exited from the cell cycle and are in a reversible activation of all yTAFIIs tested behaved similarly, the
results with yTAFII145 are most compelling: yTAFII145 isG0-like state. Cdc28 is inactive in stationary phase cells
(Mendenhall et al., 1987), suggesting a cyclin defect. the only yTAFII known to contact TBP directly (Reese et
al., 1994), and its higher eukaryotic homolog dTAFII230/General RNA polymerase II±directed transcription is
also substantially decreased by an unknown mechanism hTAFII250 is always required to reconstitute TFIID activ-
ity in vitro (Chen et al., 1994; reviewed in Burley and(Werner-Washburn et al., 1993).
Strains bearing TAFII145 temperature-sensitive mu- Roeder, 1996). Thus, inactivation of yTAFII145 is also
expected to compromise the activity of theother yTAFIIs.tants arrest as small unbudded cells with a G0-like mor-
phology (Walker et al., 1996). These considerations and
the requirement of yTAFII145 for transcription of G1/S yTAFII145 Mediates G1/S Progression
Guided by the cell cycle phenotype of TAFII145 mutants,cyclin genes prompted us to analyze TAFIIs and GTFs
in stationary phase cells. Cells at various positions along we have identified genes that are transcriptionally de-
pendent upon this component. In the accompanyinga standard growth curve (Figure 7A) were analyzed by
immunoblotting for yTAFIIs and GTFs. As expected,even manuscript (Shen and Green, 1997 [this issue of Cell]),
a systematic mRNA screening approach was used toat the highest cell density .90% of the cells were viable
(data not shown). Figure 7B shows that as cells identify other genes whose transcription also requires
yTAFII145. These new results rule out the possibility thatapproach stationary phase, the levels of yTAFII145,
yTAFII90, yTAFII68, yTAFII47, and TATA box±binding pro- the apparent dispensability of yTAFII145 for many other
genes resulted from some deficiency of the experimen-tein (yTBP) decreased dramatically. In contrast, yTAFII60
and several GTFs including Sua7 (yeast TFIIB), SRB4, tal approach. The other yTAFIIs that have been tested
to date are also not required for transcription of manyand TOA1, a TFIIA subunit, were unaffected. We con-
clude that the intracellular levels of TFIID components, yeast genes (Apone et al., 1996; Moqtaderi et al., 1996b;
Walker et al., 1996). It will be important to determinenot GTFs, are regulated by the cellular growth state.
Treatment with a factor also causes withdrawal from whether these other yTAFIIs, like yTAFII145, are required
for transcription of a particular subset of genes.the cell cycle in G1, but unlike the stationary phase,
there is no global defect in RNA polymerase II±directed The requirement of yTAFII145 for transcription of G1
cyclins and CLB5/6 provides an explanation for the celltranscription. To determine if a similar mechanism was
operative under these conditions, a factor±treated cells cycle arrest following yTAFII145 inactivation (Walker et
al., 1996). We have been unable to rescue the tem-were analyzed by immunoblotting. The results show that
the levels of yTAFIIs, TBP, and GTFs were unaffected perature-sensitive growth defect of strains harboring
yTAFII145 mutants by forced expression of G1 cyclinsby a factor treatment (Figure 7C). Thus, the downregula-
tion of TFIID components in stationary phase cells is and/or Clb5/6 (data not shown). This observation is most
likely explained by the requirement of yTAFII145 for tran-not a general consequence of withdrawal from the cell
cycle. scription of multiple essential genes, such as those de-
scribed in Shen and Green (1997).
Discussion
Higher Eukaryotes
Our results are not inconsistent with the limited in vivoPrevious studies have shown that transcription of a vari-
ety of genes occurs normally in the absence of multiple studies of TAFIIs in higher eukaryotes. For example,
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TAFIIs and Cellular Growth Control
The results presented here and elsewhere raise the pos-
sibility that TAFIIs may have a specialized role in the
transcriptional control of the cell cycle and cellular
growth state. The principal observation that inactivation
of specific yTAFIIs results in distinct cell cycle pheno-
types (Apone et al., 1996; Walker et al., 1996) suggests
that individual yTAFIIs mediate cell cycle progression
through unique activities or targets. For yTAFII145/
TAFII250, this cell cycle phenotype is conserved from
yeast (Walker et al., 1996) through mammals (Talavera
and Basilico, 1977).
We have found that yTAFIIs are themselves regulated
by the cellular growth state: upon entry into a quiescent
stationary phase, the levels of several yTAFIIs and TBP
but not other GTFs decreased dramatically, explaining
the global loss of transcription in these cells (Werner-
Washburn et al., 1993). In mitosis, RNA polymerase II±
directed transcription is also shut off (Prescott and Ben-
der, 1962) by a mechanism involving mitosis-specific
phosphorylation of yTAFIIs and TBP (Segil et al., 1996).
Finally, a phylogenetic comparison of transcription
and cell cycle machineries is also supportive of a dedi-
cated role for TAFIIs in cell cycle control. The most primi-
tive organisms with a eukaryotic-like transcription appa-
ratus are the archaea, which contain homologs of
eukaryotic RNA polymerase II, and several GTFs, includ-
ing TBP and TFIIB (reviewed in Klenk and Doolittle,
1994). However, the recently completed sequence of an
archaeal genome reveals the absence of TAFII homologs
(Bult, etal., 1996), indicating that TAFIIs arecommon only
to organisms with a eukaryotic cell cycle. Collectively,
these results suggest that TAFIIs may be among the
most ancient mediators of the cell cycle.Figure 7. Depletion of yTAFIIs and TBP in Stationary Phase Cells
(A) Growth curve of strain W303a with the time points (1±5) used in
(B) indicated.
Experimental Procedures(B) Immunoblot of whole-cell extracts prepared from cells at each
point on the growth curve in (A) and probed with antibodies to the
Yeast Strains and Growth ConditionsyTAFII or GTF indicated on the right. The wild-type (YSW87) and TAFII145 temperature-sensitive mutant(C) Immunoblot of whole-cell extracts prepared from asynchronous
(YSW93) strains used in these studies have been described pre-(AS) or a factor arrested (a) cells (strain YSW110). The immunoblot
viously (Walker et al., 1996). The TAFII90, TSM1, TBP, SRB4, andwas probed with antibodies to the yTAFII or GTF indicated on the
RPB1 temperature-sensitive strains have also been described pre-right.
viously (Cormack and Struhl, 1992; Thompson and Young, 1995;
Apone et al., 1996). YSW110 (YSW87, bar1::URA3), YSW111
mammalian cell lines harboring a temperature-sensitive (YSW93, bar1::URA3), LY184 (TAFII90, bar1::URA3), LY185 (tafII90-2,
bar1::URA3; Apone et al., 1996) and WCS101 (tsm1, bar1::URA3)TAFII250 allele support transcription of a number of
used for the a factor arrest experiments were constructed by dis-mRNA-encoding genes at the nonpermissive tempera-
rupting BAR1. The SalI-EcoRI fragment of pJGsst1 (Reneke, et al.,ture (Hirschhorn et al., 1984; Liu et al., 1985), including
1988) was used to transform YSW87, YSW93, LY177 (TAFII90), LY20the highly inducible c-fos (Wang and Tjian, 1994).
(tafII90-2), and RY570 (tsm1) to uracil prototrophy, and sensitivity to
A recent study (Sauer et al.,1996) has described domi- mating pheromone was confirmed by microscopic examination of
nant negative mutants of Drosophila TAFIIs that interfere Ura1 transformants exposed to synthetic a factor. For stationary
with transcription of certain developmentally regulated phase experiments, W303a (MATa ade2-1 his3-11,15 leu2-3,112
trp1-1 ura3-1 can1-100) was used. All strains were grown in richDrosophila genes. Whether, as in our experiments, inac-
media (YPD) or selective medium supplemented with dextrosetivation or depletion of these dTAFIIs also prevents tran-
(Guthrie and Fink, 1991).scription was not tested. Nonetheless, the identification
of specific Drosophila genes that are TAFII-dependent
is completely consistent with the results presented here RNA Preparation and Analysis
Yeast cells were harvested rapidly by centrifugation, washed ofand in Shen and Green (1997). What remains unknown
media, and stored at 2808C. Total RNA was prepared by glass beadis whether these and other dTAFIIs are required or dis-
cell disruption as described previously (Apone et al., 1996). Forpensable for transcription of most Drosophila genes. In
Northern blotting, 20 mg of each RNA sample was subjected to
this regard, although transcription was reportedly com- electrophoresis in a formaldehyde/agarose gel, followed by transfer
promised in dTAFII heterozygous mutant embryos, these to a nylon membrane, and hybridization analysis as described(Ausu-
embryos gave rise to normal flies (Sauer et al., 1996), bel et al., 1995). Fragments consisting of the open reading frame of
the G1 cyclins CLB5, CLB6, and FUS3 to be used as probes forarguing against a general transcription defect.
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Northern blot hybridization were prepared by polymerase chain re- were counterselected on 5-FOA-containing medium. Synthetic le-
thality was monitored by assaying growth of haploid strains derivedaction (PCR) amplification from either genomic or plasmid DNA fol-
lowed by random prime labeling (Stratagene). Blots were stripped from several sets of tetrads on synthetic complete (SC) or 5-FOA
medium at 288C or 378C.for reprobing by boiling in 0.13 SSC/1% SDS.
For dot blotting, 10 mg of each sample was applied to a nylon
membrane according to the manufacturer's instructions (Dupont/ Stationary Phase Experiment
NEN Research Products; Boston, MA). The membrane was then Yeast strain W303a was grown in YPD at 308C, and culture growth
probed for 18 hr at 378C with 32P-oligo(dT)20 in 53 SSC (203 SSC was monitored by optical density and cell counting. Equivalent num-
is 3 M sodium chloride/0.3 M sodium citrate [pH 7.0]), 53 Denhardt's bers of cells were periodically removed, harvested by centrifugation,
solution (1003 Denhardt's is 20 mg/ml each of Ficoll 400, polyvinyl- washed of media, and prepared for immunoblot analysis by glass
pyrrolidone, and bovine serum albumin), 0.5% SDS, and 0.1 mg/ml bead disruption as described previously (Walkeret al., 1996). Protein
salmon sperm DNA, washed three times each with 23 SSC/0.1% samples were then subjected to SDS-polyacramide gel electropho-
SDS and 0.23 SSC/0.1% SDS at room temperature, and exposed resis and immunoblotting (Harlow and Lane, 1988).
to film.
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